Intercellular gap-junctional communication (GJC) plays an important role in ovarian cell physiology. Closure of GJC has been proposed to be involved in oocyte maturation, particularly in the resumption of meiosis, both in vivo and in vitro, by controlling the flow of meiosis inhibitors, such as cAMP and cGMP. Understanding how GJC dynamics are regulated during in vitro maturation (IVM) could provide a powerful tool for controlling meiotic resumption and oocyte maturation in vitro. Since little is known about the GJC dynamic regulation between cumulus cells, we have developed an assay based on recovery of calcein fluorescence in photobleached cumulus cells, a gap-FRAP assay. The GJC profile has been characterized during the first hours of porcine IVM. We showed that equine chorionic gonadotropin (eCG) and epidermal growth factor (EGF) downregulated GJC effectiveness between cumulus cells. However, human chorionic gonadotropin was not down-regulating GJC effectiveness. We also showed that the GJC network expanded during this period and that this effect was not regulated by gonadotropins. Porcine follicular fluid present in the maturation medium also had an impact on GJC regulation, increasing GJC network establishment and the effectiveness of calcein transfer rate between cumulus cells. These results show that both eCG and EGF are regulating the decrease in GJC effectiveness after 4.5 h of IVM, while the network extension is gonadotropin independent. Regulation of GJC between cumulus cells would then be specifically regulated during in vitro IVM.
INTRODUCTION
Intercellular gap-junctional communication (GJC) plays a key role in ovarian follicle physiology. Its role during oocyte maturation in mammalian cumulus complexes has been recently reviewed by Gershon [1] .
Present in most animal cells other than differentiated skeletal muscle cells, erythrocytes, and mature sperm cells [2] , gap junctions are channels that allow ions and molecules smaller than 1 kDa to pass between adjacent cells. They result from mutual docking of plasma membrane hemichannels called connexons to open tunnels from one cytoplasm to another. Each connexon is composed of six transmembrane protein subunits called connexins. About 20 connexins are known in mammals. A connexon may consist of one or more types of connexin that interact with each other to form homomeric, heteromeric, or heterotypic channels (reviewed in Mese et al. [3] ). The ability of the cell to vary gap junction structure in this manner increases the possibilities for regulating specific permeability (reviewed in Cottrell and Burt [4] ).
In the follicle, oocytes are held in meiotic prophase arrest by a signal received from surrounding somatic cells through gap junctions. Removal of the cumulus-oocyte complex (COC) from the follicle causes meiosis to resume spontaneously [5] . Meiosis-inhibiting molecules such as cAMP or cGMP are transferred through gap junctions [6] [7] [8] . Resumption of meiosis in oocytes in vivo has been found to coincide with a progressive interruption of cell-to-cell coupling following the gonadotropin surge [6, 9, 10] . In vitro, the loss of GJC between the oocyte and cumulus cells is accompanied by meiotic resumption [11, 12] .
In mammals, gap junction intercellular communication is involved in folliculogenesis, oogenesis, follicular steroidogenesis, and apoptosis as well as oocyte meiotic arrest (reviewed in Gershon et al. [1] ). Knockout mice lacking connexins have been used to demonstrate the importance of gap junctions in ovarian function. In connexin 37 knockout mice, communication between the oocyte and granulosa cells is disrupted, and folliculogenesis is arrested at the early antral stage [13] . Connexin 43 knockout, lethal because of its presence in heart tissue, was studied by grafting prenatal ovaries under the kidney capsule of wild-type mice. Under these conditions, folliculogenesis did not proceed beyond the primary follicular stage, and oocyte growth was delayed. Furthermore, oocytes recovered from the grafts did not complete meiosis and could not be fertilized [14, 15] .
Gap junctions are involved in the resumption of meiosis in oocytes matured in vitro. A gap junction inhibitor, such as carbenoxolone, can be used to promote resumption of meiosis and hence maturation in rat and mouse follicles [16, 17] . Communication via gap junctions between the oocyte and cumulus cells has been shown recently to play a major role in the regulation of chromatin remodeling and transcription during the first few hours of bovine oocyte maturation in vitro [18] . Moreover, we have previously demonstrated that removing cumulus cells after 4 h of maturation with gonadotropins did not disturb nuclear maturation in porcine oocytes [19] . We therefore hypothesize that communication via gap junctions is crucial for oocyte development during the first few hours of in vitro maturation (IVM) and is regulated by gonadotropins. The first objective of the present study was to quantify communication via gap junctions between cumulus cells during conventional porcine IVM. The second objective was to determine whether gonadotropin, epidermal growth factor (EGF), or porcine follicular fluid (PFF) is involved in regulating this communication. An assay based on recovery of calcein fluorescence after photobleaching, a gap-FRAP assay, was developed to measure communication between cumulus cells.
MATERIALS AND METHODS

Chemicals
Unless otherwise stated, all chemicals were purchased from Sigma Chemical Company.
Ovaries and COCs Collections
As described previously [20] , prepubertal pig ovaries were collected at the local slaughterhouse and placed in saline (0.9% NaCl) containing 100,000 IU/L penicillin G, 100 mg/L streptomycin, and 250 mg/L amphotericin B (Invitrogen; product no. 15140) and maintained at 348C. On arrival in the laboratory, they were rinsed twice with this solution. Follicles between 2 and 6 mm in diameter were punctured using a syringe with 18-gauge needle, and pooled follicle contents were placed into a 50-ml flacon tube. After sedimentation, COCs were washed twice in centrifuged PFF and then recovered under a stereomicroscope. COCs were then washed three times in 3 ml HEPES-buffered Tyrode medium containing 0.01% (w/v) polyvinyl alcohol to remove any residual follicular fluid and thus endogenous gonadotropin activity and growth factor activity [21] . COCs were rigorously selected with a minimum of three layers of cumulus cells and with compact and clear cumulus cells.
IVM
Groups of approximately 25-30 COCs were cultured in Nunclon D fourwell dishes in 500 ll of standard porcine IVM culture medium: bovine serum albumin (BSA)-free NCSU 23 medium [21] containing 25 lM 2-mercaptoethanol, 0.1 mg/ml cysteine, and 10% (vol/vol) filtered PFF. Depending on the experiment, the medium also contained 5 IU/well human chorionic gonadotropin (hCG), 5 IU/well equine chorionic gonadotropin (PMSG/eCG; Intervet), 10 ng/ml EGF, or 0.3% w/v BSA fraction V.
Gap-FRAP Assay
Communication among cumulus cells via gap junctions during IVM was evaluated using a gap-FRAP assay. This consisted of measuring the transfer of the fluorescent dye calcein from cells to a cell that had been laser bleached to eliminate calcein fluorescence. Calcein-AM (39,69-di [O-acetyl]-29,79-bis [N,N-bis fcarboxymethylg amino methyl]-fluorescein, tetraacetoxy methyl ester, MW 994.87; Invitrogen; product no. C3100MP) is a nonfluorescent, electrically neutral and highly lipophilic molecule that can permeate rapidly into the cytoplasm through the cell membrane [22] . Once inside the cell, nonspecific endogenous esterase hydrolyzes the acetoxymethyl groups to produce calcein (MW 622.54), a green fluorescent and negatively charged molecule that is unable to across the plasma membrane but is able to pass from cell to cell via gap junctions. COC were washed three times in 0.01% (w/v) polyvinyl alcohol and then placed in 500 ll of PBS containing 1 lM calcein-AM and 0.05% Pluronic-127 (Invitrogen; P-3000MP) at 388C. A 30-min period was allowed for the dye to diffuse and be cleaved into fluorescent calcein, after which the COCs were washed twice in 0.01% (w/v) polyvinyl alcohol and once in PBS to remove any calcein-AM. Then COCs were mounted on glass slides in PBS. A Nikon Eclipse TE2000-E inverted confocal microscope equipped with an argon laser (488 nm) was used at 603 magnification to perform photobleaching on specific cells and measure fluorescence. The assay targeted one cumulus cell surrounded by other cumulus cells in the middle of the cumulus cell layer (i.e., not in contact with the oocyte or with the external layer). Fluorescence intensity was recorded in a confocal plan at the following periods: five prebleach pictures, five bleaches with 100% power laser pulses in the cumulus cell that has been spot and a picture every 10 sec for 5 min postbleach period (Fig. 1) . The experiment was repeated three times, each time with three COCs and three FRAP assays on three different cumulus cells for each COC, thus producing 27 values for each maturation time.
Analysis of FRAP Data
Fluorescence recovery in the bleached cells was expressed using the perturbation-relaxation equation described in Salmon et al. [23] :
where t is the time (sec) after photobleaching; F (t) is the normalized SANTIQUET ET AL.
fluorescence intensity measured at t, F ' is the asymptotic limit to which the fluorescence intensity tends, F 0 is the estimated initial fluorescence intensity after photobleaching, and s is a time constant in seconds. The dye transfer rate constant k (s
, where F i is the fluorescence intensity before photobleaching. The interpretation of these two values is summarized in Figure 2 , where R represents the network extension between cumulus cells and K represents the transfer rate of calcein.
Carbenoxolone Assay
Carbenoxolone is a nonspecific blocker of GJC [24, 25] . It is a derivative of glycyrrhetinic acid that blocks both connexin and pannexin hemichannels [26] as well as volume-regulated anion channels [27] . It has been used in mouse and bovine COC to disrupted GJC (100 lM) [17, 28] . Carbenoxolone was added to the maturation medium 30 min before calcein uptake (i.e., after 4 h of IVM) and maintained thereafter at the same concentration (100 lM) throughout each washing or incubation during the standard gap-FRAP assay.
Statistical Analysis
Statistical analyses were done using Prism 5.00 GraphPad for Windows (GraphPad Software Inc.). Statistical significance was assessed by analysis of variance followed by Bonferroni multiple comparison post hoc tests to identify individual differences between means. Probabilities of P , 0.05 were considered statistically significant. All values are presented as the mean 6 SEM. Differing letters indicate statistically significant differences.
RESULTS
We began by characterizing communication between cumulus cells during conventional IVM in the presence of both eCG and hCG (both at 5 IU/well). A significant increase in fluorescence recovery capacity was observed after 6.5 and 8.5 h of IVM. The amount of fluorescence entering the bleached cumulus cell after photobleaching doubles between 0 and 8.5 h of IVM (from approximately 35% to 75%; Fig. 3 ). The network between cumulus cells was thus expanding since the recovery capacity represents the number of cells communicating via gap junctions, as illustrated in Figure 2 . The transfer constant evolved in a manner that differed visibly from recovery capacity. The transfer rate quadrupled during the first 4.5 h of IVM, reaching 0.04 6 0.004/sec (Fig. 3) . At 6.5 h of IVM, the transfer rate had dropped almost to its initial value and remained stable over the next 4 h (Fig. 3) . The transfer constant represents the effectiveness of dye transfer between cells (Fig. 2) . Based on these results, the dye transfer rate rises during the first 4.5 h and significantly decreases thereafter.
In order to validate that these results were indeed measuring GJC dynamics, we used the well-known gap junction blocker, carbenoxolone. After 4 h of IVM, a 30-min treatment with carbenoxolone completely inhibited fluorescence recovery and thus GJC (Fig. 4) . Since there was no recovery, the transfer rate constant could not be calculated.
In order to determine if gonadotropins are involved in regulating gap junction intercellular communication between cumulus cells in vitro, we examined dye transfer during the first 8.5 h of IVM in the absence of gonadotropins. Fluorescence recovery almost doubled between 0 and 6.5 h of maturation (Fig. 5A) , and the profile was similar in the REGULATION OF GAP-JUNCTIONAL COMMUNICATION presence of gonadotropins (Fig. 3) . This result suggests that the gap junction network between cumulus cells develops during the initial hours of IVM and is gonadotropin independent. The transfer rate constant increased significantly between 0 and 4.5 h of IVM, but, unlike in the presence of eCG and hCG, no significant decrease after 4.5 h was observed. Moreover, the maximum value was smaller, reaching only 0.029 6 0.003/sec. This result suggests that the increase in the dye transfer rate measured at up to 4.5 h of IVM is gonadotropin independent, while the drastic decrease at 6.5 h is gonadotropin dependent.
The subsequent experiment was undertaken to gain further insight into the effect of eCG and hCG on fluorescence recovery capacity and the dye transfer rate constant. In the presence of only eCG or hCG in the medium, recovery values almost doubled between 0 and 8.5 of maturation, further suggesting that the gap junction network between cumulus cells develops during the first hours of IVM and is gonadotropin independent (Fig. 5, B and C) . In the presence of eCG, the transfer rate increased until 4.5 h and then dropped by a significant degree at 6.5 h (Fig. 5B) . The overall profile for K value in the presence of eCG appears similar to that obtained in the presence of both eCG and hCG (Fig. 3) . In contrast, in the presence of only hCG, the increase observed at 4.5 h was not followed by a significant decrease (Fig. 5C) , thus ruling out a role for hCG in the significant decrease observed for K after 4.5 h of conventional IVM. These results clearly support an important role for eCG in down-regulating the transfer rate of compounds between cumulus cells via gap junctions.
A well-known factor involved in the regulation of gap junction intercellular communication is EGF. Indeed, this factor is involved in gap junction closure in mouse follicles [29] . To determine if EGF could have an impact on gap junction regulation in vitro, we cultured COC in the presence of EGF in a medium containing no gonadotropins. The fluorescence recovery capacity increased during the first hours of maturation, suggesting that the gap junction network between cumulus cells increased in complexity (Fig. 5D) . However, the maximum value reached was about 60% at 8.5 h compared to 80% in the presence of eCG /hCG (Fig. 3) . Meanwhile, the dye transfer rate constant increased significantly until 4.5 h and then decreased (Fig. 5D) , as observed for the eCG/hCG (Fig. 3) and eCG (Fig. 5B) treatments. This suggests that the effect of EGF is to down-regulate the gap junction transfer rate between cumulus cells.
Since PFF contains numerous factors that could have an impact on gap junction regulation, it was replaced with BSA (fraction V, 0.5%) in an IVM experiment. In the presence of BSA, fluorescence recovery capacity increased slightly during the first hours (Fig. 5E ) but much less than in the presence of follicular fluid (Fig. 5A) , the maximum recovery reaching only 50% at 4.5 h compared to 80%. The dye transfer rate constant increased significantly during the first hours of IVM, reaching its maximum at 6.5 h of IVM, just as in the presence of follicular fluid, albeit reaching a maximum of only 0.026 6 0.005/sec at 6.5 h. The increase observed was not followed by SANTIQUET ET AL. a significant decrease. These results suggest that PFF affects the fluorescence recovery capacity and the dye transfer rate and hence gap junction capability in cumulus cells during IVM.
DISCUSSION
Using the gap-FRAP assay and the perturbation-relaxation equation [23, 30, 31] , we obtained two different measurements of gap junction development, namely, the fluorescence recovery capacity R, which indicates the complexity of the gap junction network, and the fluorescent dye transfer rate constant K, which indicates the speed of cell-cell calcein exchange through gap junctions [32, 33] . Figure 2 provides a schematic representation of the principles underlying these two values. We were thus able to demonstrate that gap junctionmediated communication between cumulus cells is regulated by gonadotropin during the first few hours of maturation. Indeed, we showed that the speed of dye transfer between cumulus cells is regulated by eCG. This follicle-stimulating hormone (FSH)-like gonadotropin is involved in the drastic decrease in dye transfer rate effectiveness after 4.5 h of IVM. In addition, EGF had much the same effect as eCG on the dye transfer rate constant. We also provided evidence that the gap junction network between cumulus cells becomes more extensive during the first 8.5 h of IVM and that this increase is gonadotropin independent. PFF present in the maturation medium also had an impact on GJC based on measured recovery and dye transfer rate constants. Taken together, these results show that transfer rate down-regulation of GJC is mediated by eCG and EGF during the first 8.5 h of IVM and 
REGULATION OF GAP-JUNCTIONAL
FRAP is a technique widely used to study molecule transport, diffusion, interaction, and immobilization in live cells. First introduced in the 1970s [34, 35] , FRAP experiments are based on photobleaching a fluorescent marker in a selected area, followed by relaxation back to equilibrium. The gap-FRAP technique is used to study the functionality of gapjunctional intercellular communication between live cells [36] . It involves essentially three steps: a time series of prebleaching images of a targeted cell in order to record the fluorescent intensity baseline, a bleaching sequence in which the cell is depleted of fluorescence, and a postbleaching image sequence under the same conditions as the prebleaching in order to record the entry of fluorescent molecules from surrounding cells through gap junctions. In the present study, a confocal microscope was used to take five prebleaching pictures, five photobleaches with 100% laser intensity, followed by 30 pictures at 10-sec intervals over a 5-min postbleaching period. Each graphed value thus represents the analysis of 27 3 40, or 1080, confocal images. Use of the gap-FRAP technique with confocal microscopy in three dimensions is very rare [30, [37] [38] [39] . For analysis based on two-dimensional microscopy, results are extrapolated to the number of cells presumed connected to the bleached cell. In our three-dimensional system, although we cannot know exactly how many cells are connected to the bleached cell, we presume that fluorescence recovery capacity is indicative of the extent of development of the network between cells and not merely the occurrence of communication between cumulus cells. In contrast, the calcein transfer rate constant or speed of fluorescence recovery could reflect the number of junctions, their permeability, their frequency of opening, or perhaps even their diameter. Unfortunately, the gap-FRAP technique does not provide the type of information needed to distinguish between such transfer rate-regulating factors.
In mammals, hCG is known to have exclusively a luteinizing hormone (LH) effect [40, 41] , whereas eCG is known to have both FSH and LH activities in many species except for mares, where it has only LH activities. In other species, FSH/LH ratio activity can fluctuate, but the FSH activities are clearly substantial [42] [43] [44] . Moreover, eCG has been used to induce follicular growth in prepubertal, pubertal, and anestrous gilt, demonstrating its FSH like activity in vivo [45] [46] [47] . The LH receptor is present in the porcine COC [48] [49] [50] as the FSH receptor [51] ; however, the LH receptor becomes functional only after several hours of in vitro culture [48] [49] [50] . In our study, we described a significant difference between eCG and hCG treatment, showing that it is most likely the FSH activity present in the eCG that is responsible for modulating GJC.
In the present study, we have shown through detailed gap-FRAP analysis in three dimensions that communication via gap junctions between cumulus cells is regulated by eCG during the first hours of IVM. This FSH-like hormone was shown to down-regulate intercellular transfer rate of calcein dye after 4.5 h (Fig. 5B) . In mammals, connexin 43 is the predominant connexin expressed in granulosa and cumulus cells [52, 53] . eCG has been shown to up-regulate connexin 43 mRNA expression and synthesis of the connexin 43 protein [54] . We have previously demonstrated that connexin 43 in porcine cumulus cells is up-regulated during the early stages of IVM and that this depends on gonadotropins and transcription [19] . We note with interest that FSH injected into hypophysectomized rats promoted an increase in ovarian gap junction membrane [55] . In a rat granulosa cell line model, FSH upregulated connexin 43 transcription and induced an increase in electrical coupling between granulosa cells [56] . Furthermore, FSH has been shown to positively regulate connexin 43-mediated channel formation and activity through phosphorylation of specific serines by PKA [57] and to lose this latter function in the presence of the gap junction blocker Lindane [58] .
FSH is also known to increase EGF-like growth factor expression levels in porcine cumulus cells, which is required for cumulus expansion, oocyte meiotic progression, and developmental competence of oocytes [51] . FSH has been shown to stimulate AREG and EREG expression during the first hours of IVM, reaching maxima at, respectively, 2 and 4 h [59] and to maintain transzonal projections of cumulus cells to porcine oocytes [60] . EGF had much the same effect as eCG on the calcein dye transfer rate constant. In mice, EGF-like peptides have been shown to mediate FSH-induced maturation through a common gap junction-dependent process [61] . It has been shown that EGF can mimic FSH stimulation of nuclear maturation of porcine oocytes and that exogenous supplementation of EGF in IVM medium can enhance the beneficial effect of FSH on oocyte cytoplasm maturation [62] . EGF thus appears to be another important regulator of gap junction intercellular communication and, like eCG, can modulate the transfer of calcein dye between cumulus cells.
PFF also regulates GJC. Indeed, after puncture, COCs were selected and washed in polyvinyl alcohol (see Materials and Methods). Thus, without follicular fluid, no more gonadotropin or growth factor residual activities remained. Consequently, when COCs were cultured in presence of BSA instead of PFF, no gonadotropins activity nor growth factor activity was coming from the remains PFF. In this context, both fluorescence recovery capacity and the dye transfer rate constant were low compared to other treatments containing PFF, gonadotropins, or both (Fig. 5E ), demonstrating that PFF is also involved in regulating GJC between cumulus cells. Follicular fluid is derived mainly from plasma via the vascular compartment in the follicle wall. However, it also contains specific factors produced locally by the follicle cells. Hormones, gonadotropins, and growth factors are all present in the follicular fluid and may contribute to the regulation of GJC (reviewed in Revelli et al. [63] ).
Communication between the oocyte and cumulus cells is crucial for the regulation of oocyte maturation both in vivo and in vitro (reviewed in Gershon et al. [1] ). Molecules inhibiting the resumption of meiosis, such as cAMP and cGMP, have been shown to pass through gap junctions [64, 65] ; cGMP from granulosa and cumulus cells has been proposed to regulate levels of cAMP in the oocyte and thus resumption of meiosis in the mouse follicle [8] . The EGF receptor ligands epiregulin and amphiregulin have been shown to be required for the LHinduced closure of gap junctions in a study that also demonstrated that a yet unidentified pathway is part of the decrease in cGMP in the oocyte [29] . It has been shown recently in cattle that communication between the oocyte and cumulus cells via gap junctions, during the first hours of IVM, plays a key role in the regulation of chromatin remodeling and transcription in the oocyte [18] .
In conclusion, we have described a new way to study GJC between cumulus cells during IVM. Understanding how GJC is regulated during IVM is crucial for better understanding the mechanisms that regulate oocyte maturation. Our results show that this communication is regulated during the first few hours of IVM and that eCG and EGF are significantly involved. The mechanism of this regulation, especially during IVM, is still not fully understood. Our three-dimensional gap-FRAP SANTIQUET ET AL. technique improves our efforts to decipher the regulation of oocyte maturation during IVM. In addition, this study provides evidence that the composition of the IVM medium in terms of hormones and follicular fluid clearly affects cumulus-cumulus cell communication via gap junctions, which may in turn affect the development of a fully competent oocyte.
